2 and desorption of F occurred during the acidification phase of the experiment. The exchange reactions were rapidly reversible for Ca, Mg and SO 4 2 but not symmetric as the substrate resorbed 1083, 790 and 0 meq Ca, Mg, and Al, respectively, in a 4-hour recovery period. Desorption of SO 4 2 occurred during the resorption of Ca and Mg. These exchange and dissolution reactions delay acidification, diminish the pH depression and retard recovery from episodic acidification. The behaviour of the stream substrate-water interaction resembles that for soilsoil water interactions. A mathematical dynamic mass-balance based model, MASS (Modelling Acidification of Stream Sediments), was developed which simulates the adsorption and desorption of base cations during the experiment and was successfully calibrated to the experimental data.
Introduction
Episodic changes in stream chemistry occur during snowmelt and rainstorm events. In many streams, episodic acidification is caused by a combination of base cation dilution and the release of natural acidity (organic acids, salt effects, and NO 3 -), and anthropogenic acidity (SO 4 2 and NO 3 ). Commonly, one or more strong acid anions (Cl , NO 3 , SO 4 2 ) increase. The episodic chemical changes include short-term decreases of pH and acid neutralising capacity (ANC) and increases of ionic Al. The importance of the effects of episodic acidification on in-stream processes has been underestimated in modelling and empirical studies.
Several in-stream acidification experiments have clarified some of the important chemical processes, including adsorption, desorption, and dissolution occurring within the stream itself. Hall et al. (1980) were the first to study the ecological response of a stream to experimental addition of acidity (H 2 SO 4 ) during six months of low flow. They demonstrated that the fluxes of Ca, Mg, K, Na, and Al are increased as a consequence of depressing the pH to about 4. Other experiments 1987 , 2000 Tipping and Hopwood, 1988; Hedin et al., 1990; Hruka et al., 1999) used HCl, HNO 3 , or H 2 SO 4 . The latter two studies focused on the effects of in-stream acidification on organic acidity. Three general processes have been documented for interaction between the acidifying stream water and sediment. Firstly and most importantly, H + exchanges with other cations adsorbed on the stream substrate, releasing them into solution. Secondly, adsorption of SO 4 2 by stream substrate may occur. Thirdly, dissolution of an Al-rich solid phase occurs, along with trace elements associated with that phase. These reactions are generally reversible during recovery (Norton et al., 2000) .
This paper describes the results of an in-stream acidification of a small first-order stream (Lesni Potok) on granite bedrock, in the central Czech Republic; evaluation of the effects of acidification on the reversible release of base cations (Ca, Mg, K, Na), trace elements, and Al and Be, and the effect of changing pH on SO 4 2 sorption is included. The mechanisms of the in-stream acid neutralisation are described and compared with the findings of several other studies (Norton et al., 2000; Hruka et al., 2002; Navrátil, 2000) . A numerical model describing the adsorption and desorption processes controlling the base cation stream chemistry during the acidification experiment has been developed.
Methods

SITE DESCRIPTION
The Central Czech Republic received very acidic deposition in the 1980s but by the late 1990s, the acidity of deposition had decreased substantially (Kopácek et al., 2001; Hruka et al., 2002) . This history makes Lesni Potok (henceforth LP) an important case study site for detecting changes in chronic and episodic acidification of surface waters. The LP catchment covers 0.765 km 2 and is located some 30 km east-southeast of Prague. Soils, mostly Gleyic or Dystric Cambisols, are derived from the Rícany Granite. The lower part of the catchment is underlain by 4 to 5 m of sediment. The forest vegetation is 46% Norway spruce (Picea abies) and 54% European beech (Fagus sylvatica). The mean annual bulk precipitation from 19942000 was 600 mm and the corresponding runoff was 68 mm. High evapotranspiration is typical of the area and relatively high concentrations of conservative elements such as Cl result. The evapotranspiration rate based on the water budget is 89%, and about 85% based on the Cl budget. The annual average air temperature is 7 o C. Stream discharge was determined at a Thomson weir at 400 m a.s.l. The highest point in the catchment is 495 m a.s.l.
The deposition of SO 4 2-on this area of the Czech Republic has decreased significantly since 1990 (Kopácek et al. 2001; Hruka et al. 2002) 1 at a point just below the weir. At point A, 1 m beyond where the acid was added, only pH was measured. Samples of stream water were taken concurrently at points W (weir, above where the acid was added) and at points B, C and D, respectively 20 m, 45 m and 70 m downstream from the weir. Each sampling event included three samples per site. The first was unfiltered and was used to determine total metal concentration (tot); the second was filtered through a 0.45 µm cellulose membrane filter and was analysed to determine dissolved metals (dis). Both were stabilised with ultra-pure HNO 3 . The third sample was unfiltered and was analysed for anions.
ANALYTICAL METHODS
The pH was measured in situ with a calibrated portable pH meter (WTW 330). Concentrations of Na, K, Mg, Ca, Al and Fe were determined by flame atomic absorption spectrometry (FAAS; Perkin Elmer 3100), of F , Cl , SO 4 2 and NO 3 by ion chromatography (HPLC, columns Tessek HEMA-S1000 Q-L 10 mm) and of Be and Cd by Graphite Furnace AAS (GFAAS, VARIAN SpectrAA 300). The speciation calculations used the chemical equilibrium modelling software MINEQL+ (Schecher and McAvoy, 1993) .
CALCULATION OF CHANGES IN NET MASSES OF ELEMENTS IN STREAM SEDIMENTS AND STREAM WATER (MASS)
The areas above and below the time versus delta values (c o c i ) at point C (45 m beyond where the acid was added) during the eight hours were integrated numerically. This calculation determined the mass balance changes during the interaction of acidified water with the first 45 m of streambed.
MODELLING THE ACIDIFICATION OF STREAM SEDIMENTS (MASS)
Modelled interactions of cation adsorption and desorption from the stream sediment and subsequent resorption, or adsorption were based on the common reaction: 
The model assumes steady state equilibrium between metals in the stream solution (Me + ) and homogenous stream sediment (Me S ) throughout the stream before the episodic experimental acidification. The cation desorption from the stream sediment and its subsequent resorption are described as: 
where v is the stream velocity (m s 1 ). The temporal change of the cation concentration in sediment at any distance (l) from the point of the acid addition corresponds to enrichment or depletion of c Me+ , the element of interest.
This means that:
The concentration of the H + sorbed on the solid phase at any time is:
Using Eqns, (5), (6) and (7), the solution of Eqn. (2) is: Equation (8) was solved iteratively with respect to t. The derivative of c Me+ with respect to l was obtained from Eqn. (2) in the previous time step. This approach was consistent with the physical aspects of the experiment. The flowing water interacts with a static solid phase that may be represented with respect to time in small time steps as:
This approach to modelling desorption and adsorption in a small stream enabled more accurate results than by using purely numerical methods. This dynamic model was based on mass-balance. The input parameters (rate constants) must be calibrated empirically against data from a specific stream (in this case, Lesni Potok). It is, however, a general model, containing processes that can be parameterised. The various k i s correspond to the adsorption and desorption processes and would have different values in other systems. Metabolic processes of living organisms on the solid and in the liquid phases were assumed to have a negligible impact on the metals being considered.
Results
pH
The pH of the stream water above the acid addition was 4.8. After 3.5 hours of acid addition, pH was nearly 3.2 at points A and B, 3.5 at point C, and 3.7 at point D (Fig. 1) . The pH value ~3.2 occurred at point A 20 minutes after the start of the experiment and remained constant until the acid addition was stopped at t = 4 hours. At point B, the pH value reached ~3.2 after three hours of acidification and remained at 3.2 until the end of the addition. It required nearly three hours to acidify the first 20 m of the stream to pH value ~ 3.2. At 4.25 hours (15 minutes after the end of the addition), the pH at point A recovered to 4.62, and after an additional 30 minutes, pH was almost back to its initial value. At point B the pH increased during the first 15 minutes of the recovery to 3.9. After four hours of recovery, pH increased only to 4.55. The increase in pH was slower during the recovery period than the reduction during the acidification phase (Fig. 1) . (Fig. 2) . Nitrate increased slightly above background levels during the acidification experiment and decreased slightly during the recovery but the total variation was only 25 µeq L 1 . This variation is less than the increase in NO 3 during high discharge events. At point C, F concentration increased from 35 to 44 meq L 1 , one hour after the acidification started and than decreased to slightly above background values even as the pH continued to decline (Table 2) .
BASE CATIONS
Concentrations of Ca and Mg increased significantly and rapidly. Calcium release neutralised the most acid; its concentration increased by 25% (175 µeq L 1 ) at maximum concentration. Magnesium concentration increased rapidly but only to a maximum of 11% (58 µeq L -1 ). In the first 20 m of the stream, sources of Ca and Mg were depleted after the first hour of the acidification and their concentrations in the solution gradually decreased (Fig. 2) . Shortly after the acidification ceased (t = 4.25 hrs), Ca and Mg concentrations decreased below their background values (at t = 0) and then started to increase slowly toward but not to the background concentration. The correlation between Ca and Mg for all samples was R = 0.97. However, at t = 4 hours at point B, the concentration of Mg reached background concentration, indicating steady state equilibrium between the stream and sediment, but with the exchange complex depleted of Mg and no desorption (Fig.  2) . Desorption of Ca was very low by this time (e.g. four hours at Point B). The concentrations of Ca and Mg for the entire sample group were insignificantly related to H + . The concentration of Na did not vary significantly during the experiment. The maximum increase of Na concentration at point C was 2% (8 µeq L 1 ). The maximum increase for K concentration was only 1 µeq L 1 and its contribution (ca. 20 µeq L 1 ) to the sum of cations is negligible.
ALUMINUM
The Al(tot) concentration did not change significantly during the first 15 minutes of the acidification but then increased about 50% (Fig. 3) and stabilised for three hours. The Al concentration in filtered samples Al(dis) was still increasing at four hours at point C. The Al(dis) increased a maximum of 35% (23 µeq L 1 ). After the acid addition, the concentration of both Al(tot) and Al(dis) decreased, but Al(tot) did not reach the initial concentration. Al(dis) decreased below background during the recovery. Although lower pH produced higher Al(dis), the statistical relationship was poor. 
TRACE METALS
Concentrations of dissolved and particulate manganese were low (c. 4 µeq L 1 ) and increased only by 1 to 2 µeq L 1 at the lowest pH. Total and filtered Mn concentrations (tot) and (dis) were highly correlated during the acidification (R = 0.95) and both correlated strongly with Fe and Al. Concentrations of (tot) and (dis) Fe were low and increased only by ~2 µeq L 1 during the acidification. During the recovery stage Fe (tot) and Fe(dis) concentrations remained higher than initial concentrations. The Be concentration increased by up to 0.5 µeq L -1 (Fig. 3) at the peak of acidity and then decreased to background during recovery. The correlation of Be with Al was significant (R = 0.88), as it was with Mn(tot), Mn(dis), Fe(tot) and Fe(dis). Cadmium concentration doubled at point C but its contribution to acid neutralisation was trivial.
MODELLING THE ACIDIFICATION OF STREAM SEDIMENT (MASS) -STREAM WATER-SUBSTRATE INTERACTION
The distribution of cations (including H + ) and anions between the liquid and solid phases is a result of ion ion exchange, Al, Fe, Mn dissolution and sulphate adsorption is calibrated through the α parameter.
Discussion
ANIONS
The SO 4 2 concentration declined rapidly suggesting adsorption of the SO 4 2 during the acidification phase (Fig.  3) . As the surfaces of the in-stream solid phases gain positive charge by adsorption of H + , the SO 4 2 becomes bound to the solid phase because of the increasingly positive surface charge (Nodvin et al., 1986 
CATIONS
The LP surface water has high ionic strength due to a combination of chemical weathering and high evapotranspiration in the catchment. The mean annual concentrations of Ca and Mg in the surface water have decreased from 1994 to 1999 and they increase during high discharge events (Table 1) . The Ca and Mg concentrations in the experiment did not exceed the range in the long-term monitoring data (Table 1 ). The range of the Ca/Mg ratio (1.361.55) during the experiment is within the range of the Ca/Mg ratio (1.22.22) determined during the seven years of monitoring the LP catchment. The increased SO 4 2 and H + concentrations induced the desorption of Ca and Mg. Initially, release of the divalent base cations Ca and Mg was the most important component of the acid neutralisation. As this reservoir became depleted, release of more Al contributed to the neutralisation of the acid input. The Ca/Mg ratio was highest at one to two hours, indicating (Fig. 4) . The lowest ratio occurred at five hours, representing the start of the Ca and Mg resorption during the recovery stage. At 5 hours (Fig. 4) , Mg was resorbed in greater proportion to its stream concentration than was Ca. Two hours after the acid addition stopped, Ca and Mg concentrations started slowly to increase (Fig. 2) . Although the Ca/Mg ratio recovered to its original value by the end of the experiment, the concentrations had not. The rate of recovery was slower than the mobilisation of base cations during the acidification phase. The shape of the curve for sum of base cations (BC) through time (acidification and recovery) is consistent with the conceptual model of Norton et al. (1999) . Sodium behaved contrary to Ca, Mg, and K. The longterm concentration of Na correlates negatively with discharge (Table 1 ) but was unaffected in the experiment. High discharge events normally slightly enhance the export of K from the catchment but the difference between the mean concentrations for low and high discharges is small (Table  1 ). The concentration of K changed less than 1 µeq L 1 from the background value. Sodium and K are relatively unaffected by in-stream processes.
The mean Al(tot) concentration in the LP surface water has decreased from 92 µeq L 1 in 1994 to 83 µeq L 1 in 1999 as SO 4 2 and H + have declined. The concentration of Al(tot) in the surface water increased as pH decreased (Table  1) . The mean values of Al(tot) for low and high flow discharges differ by 29 µeq L 1 . During the first 15 minutes of the experimental acidification, little Al(tot) was mobilised from the substrate, compared to Ca or Mg. The concentration of Al(tot) started to increase in the first hour of the acidification and reached its maximum after four hours of acidification. The increase in Al(tot) during the experiment was approximately twice the natural range (Tables 1 and  2 ). The concentrations of F in the surface water increased at higher flows, likely enhancing Al mobility by formation of AlF complexes. The Al(tot) was higher than mean values for any flow in the 19942000 period. It is concluded that Al stream chemistry is affected by water-sediment interaction, principally decreasing the rate and magnitude of episodic acidification and recovery.
TRACE METALS
The export of Mn from the catchment has decreased by 5 µeq L 1 from 1994 to 1999. The highest mean concentrations were at low discharge (Table 1) . Iron in surface water normally decreases with increasing discharge and decreasing pH. Thus, the small increase of Fe in the experiment suggests some in-stream release of Fe. Beryllium and Cd were normally mobilised during high discharge events (Table 1) . Their concentrations during the experiment rose to relatively high values, suggesting that the stream sediments may contribute much of the Be and Cd at high flow. On a percentage basis, Cd was the most mobilised metal. Its concentration increased rapidly due to the elevated H + and decreased immediately as pH rose at the end of experiment, falling below the initial concentration. The average concentrations of Cd and Be have decreased in the surface waters of LP between 19941999 (Table 1) (Navrátil et al., 2002) . Possible causes are decreased deposition of Be and Cd to the catchment (Skrivan et al., 2000) and the streamwater pH increase.
The Be geochemistry at LP has been reported in detail by Skrivan et al. (1993 Skrivan et al. ( , 1994 Skrivan et al. ( and 2000 and Navrátil (2000 Navrátil ( , 2002 . The most important species of Be in the LP surface water were Be 2+ and BeF + (Navrátil, 2000) . Before the acidification experiment, Be 2+ was ~10% higher than BeF + , BeF 2 , BeSO 4 and BeOH + accounted for < 3% during the experiment. During the acidification phase, Be 2+ became more dominant as the F became preferentially bound to Al, particularly at the end of the acidification. As the Al concentration decreased during the recovery stage, the relationship between the Be 2+ and BeF + reversed. Similar behaviour of Be species was observed during episodic events at the LP catchment in 1999 (Navrátil, 2000) .
ACID NEUTRALISATION MECHANISMS THROUGH
TIME
The stream substrate at LP is involved in three important mechanisms of acid neutralisation:
(1) adsorption of SO 4 2 (2) ion exchange of H + for the divalent base cations Ca
2+
and Mg 2+ on the cation exchange sites of the stream substrate, and (3) ion exchange of H + for Al 3+ on the cation exchange sites of the stream substrate or dissolution of a solid phase Al(OH) 3 of the stream substrate.
The contribution of the individual elements to acidneutralisation (Fig. 6 ) early in the experiment was SO 4 2 > Ca > Mg > Al (t = 0.25 h), then Ca > Mg > Al > SO 4 2 (t = 1 h), and finally Al > Ca > Mg > SO 4 2 (t = 4 h). The maximum acid neutralisation by base cation release and SO 4 2 adsorption was about 170 µeq L 1 . The adsorption of SO 4 2 was the fastest process. However, the total contribution of this process (59 µeq) to neutralisation of the acid over the 70 m stretch of stream was small compared to that of Ca (4542 µeq), Al (2329 µeq), and Mg (1184 µeq). The mass of BCs (5961 µeq) desorbed from the stream sediment exceeded the integrated mass of BCs resorbed back to the substrate over a similar time; recovery was slower than acidification. Even after Cl and SO 4 2 concentrations had returned to background values, Ca, Mg, and Al had not recovered. Mg had the highest resorption to substrate (approximately 790 µeq or 67% of the desorbed amount) during the 4-hour recovery. Of the desorbed Ca, Na, and K, 24%, 39% and 39%, respectively, were resorbed. But the contribution of Na and K to the total acid neutralisation was minor. Sodium and K are 4% and 10%, respectively, of the total base cations extracted from soil but only 1% and 2%, respectively, from stream sediment with 0.1M HNO 3 (Navrátil, unpublished) . Consequently, little Na and K are available for ion exchange in the stream.
The Fe and Mn were exported in lower amounts (195 µeq and 83 µeq, respectively). If acid neutralisation had not occurred, the pH at point C would have decreased to 3. 75, 3.31, 3.27 and 3.45 at times 0.25, 1, 2 and 4.25 hours, respectively. During recovery, the pH would increase faster if the resorption of base cations and desorption of SO 4 2 had not occurred. The pH should have returned to its initial value (4.71) after 2 hours of recovery, based on Cl concentration, and assuming no sediment-water interaction.
THE MASS MODELLED RESPONSE
During the experimental acidification phase, the pH increased downstream toward the value prior to the acidification because of the interactions between the acidified water and the stream substrates. The acidic water caused desorption of exchangeable base cations and Al from the substrate and, therefore, H + was lost from solution. Increased concentrations of the BCs in water may then shift the equilibrium downstream between sediment and water if pH does not override the increased concentrations of cations. Some adsorption of excess cations may occur downstream. The dominant factor controlling the chemical changes in stream water is the concentration of H + . As the pH decreased to 3.5, the concentrations of the divalent cations in the solution increased significantly. The H + ions were very competitive during ion exchange at the interface of hydrophilic oxide (silicate and alumosilicate) and organic matter surfaces and the aqueous solution. Sorption sites of the solid surfaces were unsaturated with bases during the experiment. If this were not true, there would have been no initial equilibrium (Eqn. 1). Concurrent with the cation desorption, polyvalent anions (mostly SO 4 2 ) are sorbed (their concentration in solution decreases) as a result of increasing positive charge of the solid surfaces, caused by the increased concentration of H + in solution and on the exchange surface. A lag of the c Me+ maxima (peak concentrations) at each sampling site is caused by lower mean effective stream flow velocity than was calculated from the measured discharge. This lower stream velocity corresponding to the modelled calculation can be attributed to water turbulence, non-homogeneous velocity within the stream and solute-substrate penetration (hyporheic infiltration).
COMPARISON WITH OTHER EXPERIMENTS
In all artificial stream acidification experiments where appropriate data have been collected, base cations are released by desorption, Al is dissolved from an Al-rich phase or desorbed, and SO 4 2 is adsorbed during the acidification trajectory. The amounts and proportions of base cations released differ among experiments, probably depending on the acidification status of the catchment soils prior to the experiment (and, thus, of the stream sediment properties) as well as the exchange properties (e.g. selectivity for a specific cation) of the stream substrate. During recovery, these reactions are reversible but have unequal rates so that the chemical recovery does not retrace the acidification trajectory. The rate of establishment of a new equilibrium during acidification is SO 4 2 > base cations > Al. The recovery process rates are more complex and less uniform from study to study. None of the studies has data taken over a sufficiently long period to determine when stream chemistry returns to normal at some specified distance downstream from the acid addition. For the LP study, the concentration of Cl returned to normal within two and eight hours at 20 and 50 m downstream, respectively. Yet the base cations had still not completely recovered. Al dynamics are even more complex, involving the probable precipitation of Al(OH) 3 on the stream substrate, as well as recharging Al sites as part of the exchange acidity of the sediment. Water chemistry probably returns asymptotically to normal within several days. During the experiment, the stream was at the lower threshold for high discharge (Table  1 ) and acidic. The artificial depression of pH was dramatically below normal variations. Acid neutralisation under more normal episodic acidification would be somewhat less effective, but more prolonged. It is concluded that stream sediment has the ability to reduce the pH depression during acidification and prolong recovery through cation and anion exchange, and Al exchange, dissolution and precipitation.
Conclusions
In response to the addition of HCl directly to the stream at Lesni Potok, F -increased and SO 4 2 decreased. This difference in behaviour must be caused by site-specific exchange mechanisms. The variation in free F is likely to be caused by dissolution of particulate Al(OH) 3 and release of exchangeable F at the lower pH, rather than by changes in Al speciation. The SO 4 2 behaviour is dominated by pHrelated changes in anion exchange capacity, with adsorption increasing at lower pH. During the recovery stage, the stream substrate desorbed SO 4 2 . This experiment supports the conclusions from Hruka et al. (2002) and Mg 2+ . As the Ca-Mg exchangeable pool became depleted, Al release gradually replaced Ca-Mg release as the principal acid-neutralising mechanism. The Ca/Mg ratio in the stream was highest during the acidification and lowest at the start of the recovery. During recovery, Mg resorbed faster than Ca. The BC/Al ratio increased at first but decreased sharply as BCs became depleted and Al mobilisation increased. The BC/Al ratio did not return to its initial value during the recovery period. The reversible desorption of BC, dissolution of Al and adsorption of SO 4 2 delayed acidification, diminished the pH depression and prolonged the recovery. Recovery is slower than acidification, there is hysteresis in the pattern of recovery and the recovery lags behind the flushing of the added Cl (as HCl).
During the acidification, Al 3+ and AlF 2+ become more important species of dissolved Al. Calculated Be speciation was controlled by abundance of the Al species, pH, and the availability of free F . Iron and Mn were both mobilised during the artificial acidification phase but their concentration normally decreases during natural episodic acidification events, likely because of dilution and oxidation of the Feand Mn-rich shallow groundwater. The mobilised Mn and Fe, although increasing over 40% above their initial concentration, were unimportant as an acid-neutralising mechanism because of their low concentrations. Although clear evidence of resorption of Al, Fe, and Mn is lacking (no values below background), the recovery of these three elements to background values could be delayed by resorption.
A dynamic model (MASS Modelling the Acidification of Stream Sediment) was developed. It reproduces the behaviour of the base cations that are involved in ion exchange equilibria. The master variables include pH, which is controlled partly by anion exchange (primarily SO 4 2 ) and partly by dissolution or precipitation of Al(OH) 3 . MASS does not model the anion exchange or solid phase equilibria with Al(OH) 3 . The significant consistency between modelled and measured base cation concentrations suggests that the assumptions of the modelling approach may be realistic. Clearly, stream sediment (somewhat analogous to catchment soils) minimises the magnitude of episodic acidification and delays recovery.
